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Summary 
Materials and articles are constantly increasing in their complexity, promoted 
by demand for functionality, appearance and cost of consumer and industrial 
products. To satisfy these demands, a variety of chemicals and combinations 
of materials are used in products. On the other hand, material recycling has 
been recognised as a backbone of circular economy, with constant measures 
and initiatives being proposed in order to increase the recycling rates of 
materials being consumed. 
Material cycles are complex and dynamic systems where chemicals are added 
and removed in production, manufacturing, consumption and waste 
management stages within a product’s lifecycle (Figure 1). Hence, waste 
materials contain potentially hazardous chemicals that are unwanted in the new 
products made of the recycled raw materials. So far, the presence of such 
chemicals in materials for recycling has not been systematically investigated. 
This PhD project provided detailed quantitative data following a consistent 
approach to assess potential limitations for the presence of chemicals in 
relation to material recycling. Paper and plastics were used as illustrative 
examples of materials with well-established recycling schemes and great 
potential for increase in recycling, respectively. 
The approach followed in the present work was developed and performed in 
four distinct steps. As step one, fractional composition of waste paper (30 
fractions) and plastics (9 fractions) from households in Åbenrå municipality 
(Southern Denmark) was provided. In step two, a literature review concerning 
presence of chemicals in paper was performed. It was shown that approx. 
10,000 individual chemicals may be present in paper products. Among the 
chemicals identified, approx. 150 were considered hazardous and approx. 50 
were identified as particularly relevant with respect to paper recycling. 
Potential sources for chemicals in paper were evaluated. Printing and 
conversion were identified as the most important steps in relation to paper 
cycle, but chemicals added non-intentionally (NIAS) in a variety of steps 
(Figure 1) may also play a role. 
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Figure 1 Schematic representation of generic material and chemical cycles for a defined 
geographical boundary (e.g., Europe). Chemical loss implies evaporation, degradation, 
migration, etc., as well as removal through material (re) processing. NIAS: Non-
Intentionally Added Substances [1]. 
Following, chemical analyses for quantification of a range of potential 
contaminants in paper (mineral oils, phenols, phthalates, polychlorinated 
biphenyls and toxic metals) and plastics (phthalates and brominated flame 
retardants) were done. The results indicated large variations in presence of 
chemical contaminants (from μg/kg to g/kg), depending on the contaminant in 
focus or the sub-fraction (e.g., books) of the material fraction being analysed 
(e.g., paper). Certain material fractions showed higher content of chemicals 
(e.g., bisphenols in thermal paper and flame retardants in polystyrene plastics), 
potentially detrimental to their recycling. Finally, a material flow analysis 
(MFA) approach revealed the potential for accumulation and spreading of 
contaminants in material recycling, on the example of the European paper 
cycle. Assessment of potential mitigation measures indicated that prevention 
of chemical use, removal of chemicals in recycling and constrain chemicals to 
specific product flows were in decreasing order of effectiveness. The 
assessment also pointed out the potential trade-offs between material quantity 
(i.e. recycling rates) and quality (i.e. presence of contaminants) when 
mitigation measures are applied.  
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Dansk sammenfatning 
Kompleksiteten af materialer og produkter vokser konstant, drevet frem af krav 
til funktionalitet, udseende og omkostninger af forbruger- og industrielle 
produkter. For at imødekomme disse krav anvendes en lang række forskellige 
kemikalier og kombinationer af materialer i vores produkter. Genanvendelse 
er på den anden side anerkendt som et vigtigt element i tilvejebringelsen af nye 
råmaterialer til industrien såvel som ønsket om at lukke materialekredsløb i 
samfundet, f.eks. i relation til nye initiativer inden for cirkulær økonomi. 
Materialekredsløb er komplekse og dynamiske systemer, hvor kemikalier 
tilsættes og fjernes i de forskellige faser af produkternes livscyklus: 
produktion, fremstilling, forbrug og affaldshåndtering (Figur 1). Dermed 
indeholder affaldsmaterialer potentielt kemikalier, som er uønskede i nye 
produkter baseret på genanvendte råmaterialer. Indtil nu er tilstedeværelsen af 
sådanne kemikalier i genanvendelige materialer ikke blevet systematisk 
undersøgt. Dette PhD projekt har tilvejebragt detaljerede, kvantitative data ud 
fra en konsistent metode til vurdering af potentielle begrænsninger ved 
tilstedeværelsen af kemikalier i relation til materialegenanvendelse. Papir og 
plast blev anvendt som illustrative eksempler på materialer med et veletableret 
genbrugssystem henholdsvis et stort potentiale for øget genanvendelse. 
Metoden består af fire separate trin. Første trin omfattede en fastlæggelse af 
den fraktionsvise sammensætning af prøver af papir- (30 fraktioner) og 
plastaffald (9 fraktioner) indsamlet fra husstande i Åbenrå Kommune. I trin 
andet blev et litteraturstudie gennemfart for at afdække tilstedeværelsen af 
kemikalier i papir. Det blev demonstreret, at ca. 10.000 individuelle kemikalier 
kan være til stede i papirprodukter. Af de identificerede kemikalier blev ca. 
150 betegnet som problematiske og omkring 50 kemikalier vurderet som 
specifikt relevante i relation til genbrug af papir. Potentielle kilder til 
kemikalier i papir blev evalueret. Trykning og konvertering blev identificeret 
som de vigtigste trin materialekredsløbet for papir, men kemikalier som ikke 
bevidst tilsættes (IBTS) som en del af de industrielle processer spiller muligvis 
også en rolle. 
Som et tredje trin blev foretaget kemiske analyser for at kvantificere udvalgte 
stoffer i papir (mineralske olier, fenoler, ftalater, polyklorinerede bifenoler og 
toksiske metaller) og plast (ftalater og bromerede flammehæmmere). 
Resultaterne viste store variationer i den kemiske forurening af materialerne 
(fra μg/kg til g/kg), afhængig af det specifikke kemiske stof og underkategorien 
x 
(f.eks. bøger) af den materialefraktion, der blev analyseret (f.eks. papir). Visse 
materialefraktioner havde et højere indhold af kemikalier (f.eks. bisfenol i bon-
papir og flammehæmmere i polystyren plast), som potentielt kan udgøre et 
problem for genanvendelse. 
 
Figur 1. Skematisk fremstilling af generelle cyklus for  materialer og kemikalier for et 
afgrænset geografisk område f.eks. Europa. Tab af kemikalier omfatter fordampning, 
nedbrydning, migration osv., samt fjernelse gennem materiale-oparbejdning og -
genanvendelse IBTS: Ikke-bevidst tilsatte stoffer [1]. 
Med det europæiske papirkredsløb som eksempel, blev i fjerde trin gennemført 
en massestrømsanalyse (MFA) for kvantificering af potentialet for 
akkumulering og spredning af forurenende stoffer ved papirgenanvendelsen. 
En vurdering af potentielle afhjælpende initiativer indikerede, at forebyggelse 
af kemikalieforbruget i industrien var det mest effektive initiativ til fjernelse 
af kemikalier i papirprodukter, mens øget rensning af returpapir i industrien og 
selektiv sortering og genanvendelse af papir fraktioner var mindre effektive 
initiativer. Vurderingen fastlagde desuden de potentielle trade-offs mellem 
kvantitet i genanvendelsen (dvs. genanvendelsesprocenter) og kvalitet (dvs. 
tilstedeværelsen af kemikalier og renheden af produkterne) ved de udvalgte 
initiativer. 
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1 Introduction 
1.1 Background 
Concept of linear production (extract-convert-use-discard), applied massively 
from the times of industrial revolution, has created a lot of scepticism in the 
world of limited resources. As an alternative, sustainable production concept 
was proposed in the late 1980s [2]. The backbone of the concept was to pursuit 
a circular production, where ideally all materials are extracted, converted into 
products, used by consumers, and discarded, are recovered, processed, and 
converted into newly manufactured products - thus closing the material loop. 
Major advantages associated with material recirculation (i.e. recycling) include 
reduced dependency on natural resources and non-renewable energy sources, 
as well as potential reduction in our environmental footprint [3]. Beneficial as 
it may seem from our current sustainability point of view, the case might be 
oversimplified. 
Ever-growing demands towards performance, durability, appearance, etc. of 
materials and products in the anthroposphere has led to increase in their 
complexity. These potential improvements are predominantly achieved 
through use of chemical additives. As an example, flame-retardants reduce fire 
risks for electrical equipment and furniture [4], polymeric resins improve 
durability of paper [5], antioxidants increase life span of plastics [6], 
fragrances, inks and pigments increase product’s appeal to a consumer. 
Addition of chemicals may improve functionality of a product or the 
production process itself. Most of the chemicals are intentionally added by an 
industry, while non-intentionally added chemicals (generally referred to as 
NIAS) commonly result from chemical impurities, as well as reaction and 
degradation products of chemicals intentionally used [7]. 
Once obsolete products and commodities are discarded and recovered for 
recycling, they bring along chemicals they might contain. When waste products 
are re-processed, chemicals may persist and accumulate or spread into newly 
manufactured products. This is of particular concern when applications and 
uses of products before and after recycling are different (i.e. open loop 
recycling [8]), and chemical - sensitive application are concerned. As an 
example, food packaging made of recycled materials has been shown to contain 
chemical contaminants with potential for migration into foodstuff [9]. 
Additionally, material recycling facilities have shown potential to release 
chemicals into the environment, constituting them as a source of contamination 
2 
[10,11]. Hence, presence of chemicals may jeopardize the quality of products 
based on recycled materials and can potentially put the human health and the 
environment at unnecessary risk. 
Paper and plastics are prominent examples of materials either being well-
established in their recycling or having a great potential for increased recycling 
rates, respectively. Recycling rates of paper reached 58% globally and 72% in 
Europe, while content of recycled fibres in selected paper product groups (e.g., 
newsprint and board packaging) may reach as high as 95% [12,13]. In contrast, 
only 26% of the European post-consumer plastics were recycled in 2012 [14]. 
However, technological developments in waste plastics management and 
ambitious recycling goals set by recent European legislation promote recycling 
of plastics with 65% of municipal and 75% of packaging waste (including 
plastics) expected to be recycled by 2030 [15–17]. 
1.2 Aim of the PhD project 
The overall objective of the PhD project was to develop and apply a 
scientifically based approach for assessing the limitations for recycling based 
on the presence of contaminants in the waste materials. This was done by 
focusing on paper and plastics as prominent examples of recyclable materials. 
Specific objectives include: i) provide fractional composition of paper and 
plastics in residual and source-segregated household waste; ii) review literature 
and perform hazard identification of chemicals in paper material and products; 
iii) quantify selected hazardous chemicals in samples of paper and plastics; iv) 
evaluate contaminant accumulation and potential mitigation measures within 
the European paper cycle. 
1.3 Content of the PhD thesis 
Materials and methods (Chapter 2) 
After description of the general approach followed in this work and the 
experimental approach for material sampling and pre-treatment (Paper I), 
principles behind literature review, hazard identification and prioritization of 
chemicals in paper are provided. Next, chemical analyses performed on paper 
and plastics are briefly described. Finally, the modelling methodology used for 
evaluation of potential impacts presence of chemical contaminants may have 
on material cycles is defined. 
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Literature review (Chapter 3) 
Provides an overview of the state-of-the-art literature on presence of chemicals 
in paper, while identifying the priority chemicals with potential for paper cycle 
contamination (Paper II). 
 
Chemicals in recyclables (Chapter 4) 
Presents and discusses the main results from the analytical quantification of 
the selected priority chemicals in the collected samples of paper (Paper III and 
IV) and plastics (Paper V and VI). 
 
Material cycles (Chapter 5) 
Elaborates on presence of chemicals in material cycles while showing potential 
for accumulation and spreading of chemicals in the European paper cycle. 
Additionally, assessment of potential measures to mitigate “chemical cycling” 
is provided (Paper VII). 
 
Conclusions (Chapter 6) 
Concludes the work and provides the main outcomes based on results and 
discussion provided in Chapters 2-5. 
 
Recommendations and perspectives (Chapter 7) 
Finally, provides recommendations towards the stakeholders in a material 
value chain and gives an outlook on the perspectives for future work. 
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2 Materials and methods 
2.1 Overview of the approach followed 
The work provides a combination of material sampling, literature review, 
chemical analyses and flow modelling in order to fulfil the aims of the project. 
Samples of paper and plastics were obtained for chemical analyses and to 
provide quantitative data on presence of selected priority chemicals in the 
materials in focus. Literature review was performed for paper in order to 
provide an overview of chemicals potentially present in paper as material and 
create basis for selecting chemicals for analyses through a hazard identification 
procedure. This was followed by chemical analyses, where selected hazardous 
chemicals were quantified in the collected samples of paper and plastics. 
Finally, based on the quantitative data previously obtained, the potential effects 
of chemical presence on recycling were assessed on the example of paper. The 
overall activities were divided in four distinct steps, with details from each of 
the steps provided in the following sections (2.2 – 2.5): 
i) Material sampling and pre-treatment (paper and plastics) 
ii) Literature review and hazard identification (paper) 
iii) Chemical analyses (paper and plastics) 
iv) Assessment of chemicals in material cycles (paper) 
2.2 Material sampling and pre-treatment 
2.2.1 Waste materials 
Schematic representation of the waste paper and plastics sampling and pre-
treatment procedure is provided in Figure 2-1. Household waste was sampled 
in the Åbenrå municiplaity in the Southern Denmark. The sampling was 
perfomed in April 2013, in accordance with standard method for solid waste 
sampling [18]. The samples represented both residual and source-segregated 
waste material fractions of the waste generated by 100 single-family 
households within the period of two weeks. Paper and plastics in the residual 
waste material flow were collected and disposed off together with other solid 
waste materials (e.g., kitchen waste), while source-segregated waste was sorted 
into a single flow intended for recycling. Details on the sampling campaign are 
provided in Paper I and III. 
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Figure 2-1 Schematic representation of waste material sampling and pre-treatment (Paper 
III). 
After being collected, samples of waste paper and plastics were manually 
sorted into a catalogue of waste material fractions with three levels of details 
(Paper I). Waste paper was sorted according to the physical appearance of the 
paper items (e.g., newspapers, corrugated boxes) and their potential use (e.g., 
food packaging). Waste plastics, on the other hand, were sorted into fractions 
according to the resin identification code (ASTM D7611/D7611M) marked on 
each of the items (e.g., 1 – PET and 2 - HDPE). A tiered approach in definition 
of waste material fractions provides detailed data of waste composition while 
allowing direct comparison between datasets with different needs for sorting 
and data aggregations. After manual sorting, each of the separate paper and 
plastics fractions was stored in paper sacks before the coarse shredding (ARP 
SC2000, Brovst, Denmark). The mass of material for coarse shredding was 
limited to approx. 40 kg. Larger fractions (e.g., newspapers) were reduced in 
size through randomly selecting the sacks with sample to be shredded. The 
coarse shredding was followed by a one-dimension (1-D) lot size reduction 
[19]. In brief, coarsely shredded waste samples were arranged into a line (width 
= approx. 40 cm, maximum length = approx. 400 cm, and height = approx. 5 
cm (y, x and z in Figure 2-1, respectively)) and subsequent increments were 
taken using a plastic box (Figure 2-2). Half of the increments were discarded 
while the other half were rearranged into a new line and the process was 
repeated until approx. 0.5 to 2.0 kg (depending on the material density) of 
sample were obtained. Then samples were finely shredded (SM2000, Retsch, 
Germany) down to particle size of ≤ 4 mm. To increase material brittleness and 
prevent malfunction of the equipment samples of plastics were treated with 
liquid nitrogen before being shredded. Finally, size reduction using a riffle 
Household solid
waste
Manual sorting Coarse shredding Sample size
reduction (1-D lot)
Fine shredding
(<4 mm)
Sample size
reduction (Rifﬂe
splitter)
Representative
sample
x
y
x>>>y
(z=constant)
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splitter (10 x 2 cm chutes) was performed, in order to obtain the final samples 
for analyses. In order to avoid losses of contaminants in focus, shredded waste 
paper samples were lyophilised (CoolSafe, Lynge, Denmark) and stored in 
glass jars (maximum volume of 1 L) at -20 °C. Samples of plastics would not 
be subjected to chemical analyses for volatile substances, thus being dried at 
105 °C for 24 hours and stored in plastic (polyethylene terephthalate (PET)) 
containers at room temperature in a dark and dry environment. 
 
Figure 2-2 One dimension (1-D) lot size reduction illustrating 1-D lot of a coarsely shredded 
waste paper fraction, an increment taken and a plastic box used for taking subsequent 
increments. 
2.2.2 Other (non-waste) materials 
In addition to samples of waste materials, selected paper products (i.e. thermal 
paper receipts, non-carbon copy paper (NCR) and printer paper) were sampled 
for analyses. Samples of thermal paper receipts (n=13) were obtained from a 
variety of business establishments (e.g., super market, gas station, grocery 
store, clothing retailer, coffee shop) of the Copenhagen Capital Area of 
Denmark in October 2014. Samples of NCR paper were purchased online, 
while samples of printer paper were obtained from an authorized local retailer. 
Thermal paper samples were directly shredded in a conventional office paper 
shreeder (Powershred MS-450CS, Fellows, USA) down to 2 x 8 mm pieces, 
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lyophilised (CoolSafe, Lynge, Denmark) and stored at -20 °C prior to analysis. 
Further description of paper product samples and their pre-treatment are 
provided in Paper IV. 
Furthermore, samples of processed plastics (i.e. virgin and recycled plastics) 
were obtained directly from plastic producers and recyclers in China, Denmark, 
Germany, and the Netherlands. The obtained samples were not intended to 
cover the variations in presence of chemical contaminants in plastics on the 
global market, but provide an illustration of potential differences and offer the 
first basis for evaluation of plastic contamination. Samples included plastics of 
common resin types (e.g., PET, HDPE, LDPE, PP) either of primary (virgin) 
or secondary (recycled) production. In total 28 samples of plastics were 
collected from industry, details on which can be obtained from Paper VI. The 
samples of plastics were received in form of granules, flakes or pellets, and 
were considered homogeneous due to the nature of their production (Figure 
2-3). Thus, in contrast to the samples of household waste plastics, samples of 
processed plastics did not undergo additional pre-treatment (e.g., sample size 
reduction and splitting) before being used for chemical analyses. 
 
Figure 2-3 Illustration of selected samples of processed plastics; A) virgin PS; B) recycled 
HDPE; C) recycled PP; D) recycled PET.  
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2.3 Literature review and hazard identification 
Schematic view of the procedure involved in the literature review and hazard 
identification of chemicals potentially present in paper material is provided in 
Figure 2-4. Details on the selection of data sources, their description and 
further details of the criteria for identifying potential priority chemicals are 
provided in Paper II. 
As first step, available literature was reviewed and chemicals either used by 
the industry (i.e. paper production, conversion or printing) or identified in 
paper through chemical analyses were selected. Data on chemicals in paper 
was retrieved from a variety of sources including national product registries, 
scientific assessments, reports, inventories and regulations. The overview of 
the data sources used and their contribution to the list of chemicals compiled 
in the first step is presented in Table 2-1. To avoid double-counting and 
ambiguity, only chemicals that could be assigned a valid CAS number were 
included in the study. 
In the second step, chemicals classified as hazardous in accordance to the 
European REACH regulation [20] were identified and selected. In order to be 
selected, chemicals had to be classified in either of the following six hazard 
classes: i) carcinogenicity (Carc. 1A or 1B); ii) germ cell mutagenicity (Muta. 
1A or 1B); iii) reproductive toxicity (Repr. 1A or 1B); iv) persistent, 
bioaccumulative and toxic (PBT); v) very persistent and very bioaccumulative 
(vPvB); vi) endocrine disrupting chemicals (EDCs). Due to lack of publicly 
available data, chemicals with incomplete hazard profile were not selected in 
the present step, potentially leading to underestimation in the number of 
chemicals finally selected. 
In the third step, by using selected inherent properties and fate constants of 
the chemicals (e.g., Koc: partition coefficient between organic carbon and 
water), the ones associated with paper fibres and potentially persisting paper 
re-processing were identified, based on a methodology described by Baun et 
al. [21]. 
Finally, in the fourth step the selected chemicals were assessed in accordance 
with their biodegradability and classified into persistent, inherently, and 
readily biodegradable. This step was based on experimental scientific literature 
or biodegradability models and relevance to particular processes in paper 
recycling was not established.  
10
 
   
 
Fi
gu
re
 2
-4
 S
ch
em
at
ic
 re
pr
es
en
ta
tio
n 
of
 th
e 
m
et
ho
do
lo
gy
 a
pp
lie
d 
in
 s
el
ec
tin
g 
re
le
va
nt
 c
he
m
ic
al
s 
of
 in
te
re
st
 (P
ap
er
 II
). 
 
O
u
t
o
f
th
e
sc
o
p
e
S
te
p
1
C
a
n
a
c
h
e
m
ic
a
l
b
e
p
o
te
n
a
ll
y
u
se
d
in
p
ap
e
r
p
ro
d
u
c
o
n
o
r
m
a
n
u
fa
c
tu
ri
n
g?
N
o
S
te
p
2
D
o
e
s
a
ch
e
m
ic
a
lf
u
lﬁ
ll
a
n
y
o
f
th
e
A
n
n
e
x
XI
V
R
E
A
C
H
cr
it
e
ri
a?
Ye
s
O
u
t
o
f
th
e
sc
o
p
e
N
o
S
te
p
3
D
o
e
s
a
ch
e
m
ic
a
ls
h
o
w
a
ﬃ
n
it
y
fo
r
a
ir
,
a
q
ue
o
u
s
o
r
so
li
d
p
h
a
se
s?
Ye
s
S
te
p
4
Is
a
ch
e
m
ic
a
l
b
io
d
e
g
ra
d
ab
le
?
S
o
lid
A
ir
A
q
u
e
o
u
s
R
e
a
d
ily
In
h
e
re
n
tl
y
P
e
rs
is
te
n
t
Ye
s
P
a
ra
ll
y
N
o
11 
Table 2-1 Data sources used in the study and their quantitative contribution to list of 
chemicals (Paper II). 
Source Number of 
chemicals 
Description Industry Ref. 
Literature 348 Scientific literature providing 
analytical data on the 
identification or quantification of 
chemicals in paper and/or board 
Paper and 
paper product 
manufacturing, 
and NIAS 
[9,22–
45] 
Danish product 
register 
75 Chemicals used in preparations of 
articles. Danish industry for pulp, 
paper and paper products 
Paper and 
paper product 
manufacturing 
[46] 
Swedish product 
register 
144 Chemicals used in preparations of 
articles. Swedish industry for pulp, 
paper and paper products 
Paper and 
paper product 
manufacturing 
[47] 
Danish EPA 415 Inventory of chemicals used by 
the Danish printing industry 
Paper product 
manufacturing* 
[48] 
RiskCycle 12 Database of chemical additives 
used in paper production 
Paper 
manufacturing 
[49] 
ZELLCHEMING1 44 Chemical additives for the 
production of pulp and paper 
Paper 
manufacturing 
[5] 
EFSA2 223 Chemicals currently used in the 
manufacture of paper and board 
Paper 
manufacturing 
[50] 
FDHA3 4575 Chemicals permitted to be used in 
the manufacture of packaging inks 
Paper product 
manufacturing* 
[51] 
EuPIA4 3858 Inventory list of chemicals used in 
the manufacture of food 
packaging inks 
Paper product 
manufacturing* 
[52] 
TOTAL: 9694 - - - 
1Vereins der Zellstoff und Papier Chemiker und ingenieure (German for: Association of Chemical Pulp and 
Paper Chemists and Engineers); 2European Food Safety Authority; 3Swiss Federal Department of Home Affairs; 
4European Printing Ink Association.*not limited to paper matrix 
2.4 Chemical analyses 
Chemical analyses performed in this work, the equipment used and the sources 
for further details are summarised in Table 2-2. Few of the analytical methods 
used had standardised procedure to be followed, hence most of them were 
based on the available standards and literature, adopted to and tested on the 
respective materials before being applied. Analysis of phthalates in plastics 
(Paper V) was accompanied by certified reference material (NMIJ CRM 8151-
a, National Metrology Institute of Japan). Recoveries obtained were 141±6 %, 
90±5 %, and 99±2 % for dibutyl phthalate (DBP), butyl benzyl phthalate 
(BBP) and bis (2-ethylhexyl) phthalate (DEHP), respectively. All the included 
analyses were accompanied with reference methods for quality assurance (e.g., 
use of blanks, analyses on replicates, recovery based on spiking), details on 
which can be found in the respective publications (Paper III, IV, V and VI). 
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Table 2-2 Overview of chemical analyses performed on paper and plastics. 
# Chemical group Analytes 
Equipment 
used* 
Further 
details 
P
A
P
E
R
 
Mineral oil 
hydrocarbons nC10-nC20, nC20-nC30, nC30-nC40 GC-FID Paper III 
Phenols 
Nonylphenol (NP)1, 4-nonylphenol (4-
NP)1, 4-chloro-3-methylphenol (4-C-3-
MP)1, 4-octylphenol (4-OP)1, 4-tert-
octylphenol (4-t-OP)1, 2-phenylphenol (2-
PP)1, bisphenol A (BPA)1,2, bisphenol S 
(BPS)2, bisphenol E (BPE)2, bisphenol B 
(BPB)2, 4-cumylphenol (HPP)2, bisphenol 
F (BPF)2 
GC-MS1, 
HPLC-
MS/MS2 
Paper III1 
Paper IV2 
Phthalates 
Bis (2-ethylhexyl) phthalate (DEHP), butyl 
benzyl phthalate (BBP), di (2-
methoxyethyl) phthalate (DMEP), didecyl 
phthalate (DDP), dicyclohexyl phthalate 
(DCHP), dibutyl phthalate (DBP), di-iso-
butyl phthalate (DiBP), didecyl phthalate 
(DPP), diethyl phthalate (DEP), dimethyl 
phthalate (DMP) 
GC-MS Paper III 
Polychlorinated 
biphenyls 
PCB-28, PCB-52, PCB-101, PCB-118, 
PCB-138, PCB-153, PCB-180 GC-MS Paper III 
Toxic metals Cd, Co, Cr, Cu, Ni, Pb ICP-MS Paper III 
P
LA
S
TI
C
S
 
Brominated 
flame 
retardants 
Tetrabromobisphenol A (TBBPA), 
hexabromocyclododecane stereoisomers 
(α-, β-, and γ-HBCD), 2,4 - 
dibromophenol (2,4-DBP), 2,6-
dibromophenol (2,6-DBP), 2,4,6-
tribromophenol (2,4,6-TBP) 
HPLC-
MS/MS Paper VI 
Phthalates 
Bis (2-ethylhexyl)phthalate (DEHP), butyl 
benzyl phthalate (BBP), didecyl phthalate 
(DDP), dicyclohexyl phthalate (DCHP), 
dibutyl phthalate (DBP), di-iso-butyl 
phthalate (DiBP), didecyl phthalate 
(DPP), diethyl phthalate (DEP), dimethyl 
phthalate (DMP) 
GC-MS Paper V 
*FID: flame ionization detector; GC: gas chromatograph; ICP: inductively coupled plasma; MS: mass 
spectrometer. 
2.5 Material and substance flow modelling 
Material flow analysis (MFA) is a tool based primarily on law of mass 
conservation and used to systematically quantify flows of materials in 
arbitrarily complex systems [53]. When MFA is focused on chemicals rather 
than materials containing them, it is commonly referred to as substance flow 
analysis (SFA) [54]. SFA is a sophisticated approach that can provide 
information on flows, distribution and losses of chemicals in product and 
material cycles. MFA describing a system at a specific time is called static, 
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contrary to a dynamic MFA which describes flows and stocks of materials over 
time [55]. A combination of static and dynamic MFA can provide a 
comprehensive understanding of circular systems on the level of goods 
(materials) and substances (chemicals). 
Combination of static and dynamic MFA was used to evaluate presence of 
selected chemicals (bisphenol A (BPA), DEHP, and mineral oil hydrocarbons 
(MOHs)) in the European paper cycle. STAN software, a widely used MFA 
tool, was used in static MFA modelling, offering possibility for data 
reconciliation and error propagation [56]. The approach used in this work 
consisted of four steps which are schematically represented in Figure 2-5 and 
described in details in Paper VII. In brief, in the first step the flows of paper 
in Europe were quantified, deriving a fully balanced system for the year 2012. 
The system reconciliation resulted in transfer coefficients describing the 
partitioning of paper flows (i.e. distribution of inputs between the outputs) in 
each of the processes. These transfer coefficients and concentrations of BPA, 
DEHP, and MOHs in the waste paper (based on the data provided in Paper III 
and IV) were used to create SFA model of chemicals in the paper cycle in the 
second step. Based on the outputs from step one and two, a dynamic model on 
material (goods) and substance (chemical) levels was developed in step three. 
Finally, in the last step, a set of scenarios was used to evaluate the effects of 
potential mitigation measures on presence of chemicals in the paper cycle. The 
four scenarios evaluated were defined as follows (see Paper VII for details): 
i) Scenario zero (SC0). A reference scenario (no mitigation measures 
implemented). 
ii) Scenario 1 (SC1). Designed to constrain accumulation and spreading 
of contamination. Source-segregation of waste paper was optimized, 
indicating which fractions should additionally be included or 
excluded form waste paper for recycling. Current paper recycling 
rates were used as a constraint. 
iii) Scenario 2 (SC2). Evaluates removal of contaminants. The 
decontamination of paper in waste paper re-processing was assumed 
to be doubled within a year. 
iv) Scenario 3 (SC3). Prevention of contamination. BPA, DEHP, or 
MOHs were assumed to be phased out (linear reduction) within a 
period of five years until no chemical was added in production of 
paper articles. 
14 
 
Figure 2-5 Schematic representation of the modelling approach (Paper VII).  
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3 Literature review 
3.1 State-of-the-art in literature 
Information on chemicals either intentionally used or being part of 
contamination and present in materials and products is sparse. Producers may 
not be obliged to disclose the lists of all the chemicals being directly or 
intermittingly used in the manufacturing process. Moreover, NIAS would still 
not be part of such lists, as their identity is not always known and producers 
may not always be aware of their presence in materials [7]. Hence, an 
illustrative attempt was made to document the chemicals potentially present in 
a material on the example of paper and paper products. As Table 2-1 indicates, 
almost 10,000 could potentially be present in paper and paper products. The 
vast majority of the chemicals were associated with printing industry, where 
approx. 4600 and approx. 3900 can be used in the manufacture of packaging 
and food packaging inks, respectively. These chemicals are used as solvents, 
dyes, pigments, binders, plasticisers, surfactants, etc. Although used in large 
volumes [57], number of chemicals associated exclusively with production of 
paper as a material was minor (66). These chemicals are used as fillers, binders, 
retention aids, coaters, biocides, etc. 
3.2 Hazard identification 
Following the procedure presented in Figure 2-4, chemicals with hazard 
potential among the ones outlined in Table 2-1 were identified. Due to the 
nature of approach, only chemicals that could be assigned a valid CAS number 
were taken into account. This could potentially result in underestimation of the 
number of hazardous chemicals identified in this work. For example, chemicals 
resulted from analytical literature were approx. 1400, but only 348 were 
selected (Table 2-1) once CAS numbers were assigned and duplicates were 
removed. 
Applying the defined criteria, among the approx. 10,000 chemicals initially 
selected 157 chemicals were identified as hazardous and potentially 
problematic for paper recycling. Among those chemicals, following groups 
were identified: mineral oils, phthalates, phenols, parabens, etc. Most of the 
chemicals were attributed to the printing industry and were part of solvents and 
polymeric resins employed in inks, pigments, and dyes. Detailed distribution 
of use of the selected chemicals is provided in Figure 3-1 (a). Paper production 
16 
was responsible for 10 chemicals, which were predominantly biocides used in 
bacteria-favouring conditions occurring in the production of paper. 
 
Figure 3-1 Distribution of the use of the potentially hazardous chemicals associated with 
paper and paper products (a); phase distribution of the potentially hazardous chemicals 
associated with paper and paper products (b); biodegradability of chemicals associated with 
the solid phase as identified in the phase distribution (c) (Paper II). 
As illustrated in Figure 3-1 (b), most of the hazardous chemical identified 
would show affinity either to solid phase (and be potentially adhered to paper 
fibres in re-processing) or water phase (and be potentially removed in paper 
re-processing). Such approach in assessing phase distribution of a chemical is 
a simplification, as the actual distribution of a chemical in paper re-processing 
will depend on a number of factors (e.g., type and number of steps in paper re-
processing, temperature, pH, residence time, type and amount of chemicals 
used in re-processing, etc.) and should be determined on a case-by-case basis. 
Of the total of 51 chemicals showing affinity to the solid phase, a rather small 
fraction (5) could not be attributed to any sectors within the paper industry. 
These chemicals could potentially represent examples of NIAS, i.e. chemical 
by-products or contaminants introduced into the production cycle through 
recycled paper. 
a b c
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Among the chemicals associated with solid phase in Figure 3-1 (b), the 
majority (24 out of 51) were resistant to biodegradation and were classified as 
persistent. These chemicals would require additional attention related to their 
presence in recycled materials and potential release in paper re-processing. 
Although the overview of chemicals potentially present in paper was not 
intended to be exhaustive, it nevertheless indicated that concerns about 
presence of chemicals in materials can be restricted to relatively small number 
of potentially problematic chemicals. The work provided a systematic basis for 
identification of chemical contaminants potentially detrimental to material 
recycling. Furthermore, it also demonstrated a need for more comprehensive 
quantitative data documenting levels of chemical contamination of paper 
products and by extension waste paper recovered for recycling. 
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4 Chemicals in recyclables 
4.1 Fractional composition of waste materials 
Sampled waste paper and plastics were sorted into detailed fractions. Waste 
paper and board were sorted into the total of 30 fractions. The relative 
composition of paper and board in the residual and source-segregated waste 
material flows is provided in Table 4-1. Differences between the two flows 
reflect the waste sorting and segregation guidelines applied in the municipality 
where samples were obtained from (Paper III). The majority (72 %) of waste 
paper and board came from advertisements, newspapers and magazines. Higher 
share of board in the residual waste (approx. 43 % compared to approx. 13 % 
in the source-segregated waste) was the result of larger waste board items being 
collected at recycling stations (rather than disposed in source-segregated 
waste), while smaller board items being either contaminated in use (e.g., used 
pizza boxes as an example of food packaging) or not being currently recycled 
(e.g., beverage cartons). 
Fractional composition of the collected waste plastics is presented in Table 4-2. 
The distribution of plastics between residual and source-segregated waste 
flows was similar (56 % and 44 %. respectively), potentially due to rather 
recently established waste plastics collection scheme. The polymers being 
source-segregated are primarily PET and HDPE (approx. 70 %) and to a lower 
extent PP (approx. 13 %). On the other hand, most of the plastics in the residual 
waste flow (approx. 40 %) were non-specified and can represent a mixture of 
polymers commonly found in households. PP was the second largest fraction 
in the residual waste flow. While composition of the total waste plastics 
collected correlated well with the European plastics demand [14] for some 
polymer types (e.g., HDPE and PP), other polymer types (e.g., PET, PVC and 
LDPE) do not usually end up in household waste due to alternative collection 
schemes established. For example, PET is predominantly used in beverage 
bottles that are part of a deposit-and-return system, assuring closed-loop 
recycling of plastic bottles. 
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Table 4-1 Composition of residual and source-segregated waste paper and board (% wet 
weight). Residual and source-segregated flows contributed with 21 % and 79 % of the total 
sample collected, respectively (Paper III). 
 # Fractions Residual 
[%] 
Source-
segregated [%] 
Total  
[%] 
P
ap
er
 
F1 Advertisements (non-glued) 7.9 28.1 23.8 
F2 Advertisements (glued) 4.4 20.1 16.8 
F3 Newsprint advertisements (non-glued) 2.7 5.0 4.5 
F4 Newsprint advertisements (glued) 1.6 3.0 2.7 
F5 Newspapers 9.8 17.2 15.6 
F6 Magazines, Journals, TV guides (non-glued) 3.8 6.5 6.0 
F7 Magazines, Journals, TV guides (glued) 1.5 3.0 2.7 
F8 Office and administrative paper 12.9 3.0 5.1 
F9 Envelopes 2.5 0.4 0.9 
F10 Wrapping paper 0.9 0.1 0.3 
F11 Receipts 0.7 <0.1 0.1 
F12 Self adhesives 0.1 <0.1 <0.1 
F13 Books and booklets 2.0 0.7 1.0 
F14 Phonebooks 0.4 0.0 0.1 
F15 Tissue paper 0.9 <0.1 0.2 
F16 Kraft paper (brown and bleached) 2.1 0.2 0.6 
F17 Other paper1 2.2 0.1 0.5 
 Total paper (F1-F17) 56.6 87.3 80.8 
B
oa
rd
 
F18 Corrugated boxes - shipping 1.7 1.2 1.3 
F19 Corrugated boxes - sales (Food packaging) 4.1 4.1 4.1 
F20 Corrugated boxes - sales (Non-food 
packaging) 
0.8 2.9 2.5 
F21 Folding boxes - shipping 0.0 0.0 0.0 
F22 Folding boxes - sales (Food packaging) 8.9 2.0 3.5 
F23 Folding boxes - sales (Non-food packaging) 5.7 0.9 1.9 
F24 Egg trays and alike 1.2 0.3 0.5 
F25 Tubes 4.5 0.2 1.1 
F26 Beverage cartons 11.9 0.2 2.7 
F27 Paper plates and cups 0.5 <0.1 0.1 
F28 Composites2 0.5 0.1 0.2 
F29 Cards and labels 1.7 0.3 0.6 
F30 Other cardboard1 1.9 0.3 0.6 
 Total board (F18-F30) 43.4 12.7 19.2 
  Total (F1-F30) 100 100 100 
1 Includes articles of paper and board not covered by the fractions F1-F16 for paper, and F18-F29 for board (e.g., 
greaseproof and baking paper); 2 Includes predominantly articles of board laminated with aluminum or plastics 
and not included in the remaining board fractions (e.g., Pringles® potato-based snack packaging). 
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Table 4-2 Composition of residual and source-segregated waste plastics (% wet weight). 
Residual and source-segregated flows contributed with 56 % and 44 % of the total sample 
collected, respectively (partially based on data from Paper I). 
# Fractions Residual 
[%] 
Source-segregated 
[%] 
Total [%] European plastics 
demand [14] 
F1 PET 17.4 30.3 23.1 6.9 
F2 HDPE 13.5 37.9 24.3 12.1 
F3 PVC 0.1 <0.1 0.1 10.4 
F4 LDPE 0.2 0.4 0.2 17.5 
F5 PP 24.8 12.9 19.5 18.9 
F6 PS 5.4 2.1 3.9 
7.1 
F7 PS foamed 0.3 <0.1 0.2 
F8 ABS <0.1 1.1 0.5 
27.1 
F9 Non-specified 38.3 15.3 28.1 
 Total 100 100 100 100 
4.2 Quantification of chemicals in paper and plastics 
Selected chemicals, potentially being problematic for assuring quality paper 
and plastics recycling, were quantified in the collected samples. The results of 
the analyses are provided in the following sections with respect to paper 
(section 4.2.1) and plastics (section 4.2.2). All the presented and discussed 
concentrations refer to the dry matter (dm) content of the respective material. 
4.2.1 Paper 
Figure 4-1 provides the concentration ranges (min-max) of the selected 
chemicals analysed in the samples of residual and source segregated waste 
paper (Paper III, Supporting Information). The values presented are in 
logarithmic scale. It is evident from the figure that concentrations differed 
considerably from one group of chemicals to another. As an example, mineral 
oils ranged between approx. 100 and approx. 10,000 mg/kg, while 
concentrations of polychlorinated biphenyls (PCBs) were between approx. 
0.0001 and approx. 0.01 mg/kg. Furthermore, not all constituents of a chemical 
group were quantified in similar concentrations. For example, the highest 
concentrations measured for DDP and BBP (both phthalates) were 0.22 and 
330 mg/kg, respectively. While presence of some of the contaminants due to 
natural wood constituents could not be eliminated (e.g., selected toxic metals), 
majority of the analysed chemicals are not expected to occur due to natural 
constituents of primary raw materials used in paper making (Paper III). 
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Figure 4-1 Concentration ranges (min-max) and median concentrations of chemicals in 
residual and source-segregated waste paper; logarithmic scale in mg/kg dm (Paper III). 
In the manual sorting of waste paper and board a distinction between glued and 
non-glued articles (e.g., advertisements and newsprints), as well as food and 
non-food packaging (e.g., corrugated and folding boxes) was made (see Table 
4-1 for details) in order to evaluate whether such a distinction would influence 
the hazardous chemicals content. Unfortunately, no clear trends were observed. 
An exception was the total phthalate content, where non-food packaging board 
revealed higher concentrations when compared to food packaging board, 
suggesting limited use of phthalates or presence of recycled fiber in food 
packaging board (Paper III). 
Comparing the results for residual and source-segregated waste paper, only 
phthalates and PCBs showed no significant difference. Median concentrations 
of the remaining groups of chemicals (i.e. mineral oils, phenols and toxic 
metals) were higher in residual waste paper. This potentially indicates that 
cross-contamination during residual waste paper collection, as well as the 
potential differences in the use and disposal patterns of the individual paper 
and board items in the two waste flows, have a significant influence on the 
total content of mineral oils, phenols and toxic metals in the waste paper. 
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Being banned for decades in most of the world (1977 and 1984 for USA and 
Europe, respectively [58]), makes rather surprising the presence of PCBs in the 
samples of waste paper analysed. Historically PCBs were used in the ink 
capsules of carbonless copy paper, which would burst and release PCBs in 
waste paper re-processing contaminating the newly manufactured paper 
products [59]. Thus, paper articles based on recycled paper and produced 
mainly between 1970s and 1980s had relatively high (up to 12.4 mg/kg) PCB 
content [60]. Providing such paper articles have long lifespan and are being 
recycled nowadays would result in promoting re-introduction of PCBs in the 
paper loop. Affirmatively, the highest concentration of ∑PCBs we measured 
(0.32 mg/kg) was in the waste paper fraction containing paper products with 
long lifespan (e.g., books and archives). Rather high concentrations of ∑PCBs 
measured in selected board fractions (e.g., up to 0.12 mg/kg in corrugated 
boxes), expected to contain a substantial share of recycled fiber, could indicate 
relatively slow process of PCB contamination removal from the paper loop. 
It is evident from Figure 4-1 that the maximum concentrations of the 
controversial chemical BPA [61] were among the highest for contaminants 
measured in waste paper and comparable to those of mineral oils. This was the 
result of thermal paper use in the receipts found in waste paper. A detailed 
study focused on BPA and its analogues (Paper IV), showed that thermal paper 
receipts is the main source of BPA in waste paper. The median concentrations 
measured in the thermal paper receipts (16,300 mg/kg) were substantially 
higher than the remaining paper and waste paper fractions analysed (Table 4-
3). Lower concentrations of BPA in waste receipts (8100 mg/kg) when 
compared to the receipts obtained directly from retailers is due to the potential 
presence of BPA-free and non-thermal paper receipts in the former. High 
concentrations of BPA measured in thermal paper receipts and its abundance 
in the analysed samples of waste paper indicated potential contamination 
through the paper recycling process, which is also supported by potentially low 
BPA removal (approx. 10%) in paper re-processing [62]. 
Public pressure to reduce or even eliminate use of BPA, resulted in gradual 
increase in use of BPA analogues in selected applications (including thermal 
paper). Evaluating the potential BPA analogues, indicated that bisphenol S 
(BPS) has clearly been the main alternative used for substitution of BPA in 
paper applications (Paper IV). It was measured in high concentrations (median 
of 7800 mg/kg) in thermal paper receipts not containing BPA and was 
quantified in most of the waste paper samples analysed. On the other hand, 
none of the remaining BPA alternatives evaluated (i.e. bisphenol E (BPE), 
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bisphenol B (BPB), 4-cumylphenol (HPP), and bisphenol F (BPF)) was 
quantified in thermal paper receipts, indicating their limited use as BPA 
substitutes. 
Table 4-3 Median concentration of BPA and its structural analogues (mg/kg dm) in thermal 
paper, paper products (NCR: non-carbon copy paper), and residual waste paper (based on 
the data provided in Paper IV). 
  BPA 
[80-05-7] 
BPS 
[80-09-1] 
BPE 
[2081-08-5] 
BPB 
[77-40-7] 
HPP 
[599-64-4] 
BPF 
[620-92-8] 
P
ap
er
 Receipts 16,3001 78001 <4 <3 <6 <4 
NCR 35 <7 <4 <3 <6 <4 
Printer paper <2 <7 <4 <3 <6 <4 
W
as
te
 p
ap
er
 
Receipts 8100 170 <0.04 <0.03 <0.06 <0.04 
Corrugated 
boxes 
8.4 1.3 <0.04 <0.03 <0.06 0.080 
Newspapers 2.2 <0.07 <0.04 <0.03 <0.06 <0.04 
Flyers 2.8 0.22 <0.04 <0.03 <0.06 <0.04 
Office paper 280 0.54 <0.04 <0.03 <0.06 <0.04 
Envelopes 36 0.43 <0.04 <0.03 <0.06 <0.04 
Folding 
boxes 
5.2 0.29 <0.04 <0.03 <0.06 0.043 
Magazines 0.80 <0.07 <0.04 <0.03 <0.06 <0.04 
Beverage 
cartons 
0.41 <0.07 <0.04 <0.03 <0.06 <0.04 
Books 17 0.56 <0.04 <0.03 1.3 <0.04 
1 Lowest concentrations (<20 μg/g) were excluded from median value calculations. 
4.2.2 Plastics 
Similarly to the case of paper (see section 3.2 for details), chemicals of 
potential concern are also present in plastics. Recent report has outlined 43 
chemicals potentially used in plastics and considered hazardous [63]. 
Contrarily to the procedure for literature review and hazard identification 
applied on paper (section 2.2), the report did not explicitly include analytical 
literature omitting in this way NIAS potentially present in plastic products, 
waste plastics and recycled plastics. Thus, the list of chemicals actually present 
in plastics can potentially be longer. Nevertheless, among the chemicals 
identified in the report main groups of chemicals included phthalates, toxic 
metals, brominated flame retardants (BFRs), polyaromatic hydrocarbons 
(PAHs), etc. 
Phthalates are mostly used as plasticizers in plastic production, with largest 
share of the plasticizers market being attributed to polyvinyl chloride (PVC) 
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production [64]. Depending on their carbon chain length, phthalates are 
commonly divided into low and high molecular weight (i.e. LMW and HMW, 
respectively). LMW phthalates are prone to migration, making them more 
relevant for human toxicity. This has also resulted in restrictions on their use 
in selected applications in plastic materials (e.g., food-contact articles and 
children’s toys) [65,66]. Nevertheless, in-depth toxicological profile of 
phthalates and potential further restrictions on their use is an area of active 
research [67,68]. Based on the quantitative analytical results of this work, di-
iso-butyl phthalate (DiBP), DEHP and DBP are LMW phthalates found in the 
majority of plastics (Paper V). As Figure 4-2 indicates, DEHP was the 
dominant phthalate found in relatively high concentrations (up to 2700 mg/kg) 
in the majority of the plastic samples analysed. Furthermore, it was shown that 
between resin type and source of plastic samples, only latter had a significant 
influence on plastic phthalate content (Paper V). 
Among the evaluated sources of plastics (see Figure 4-2 caption for details), 
virgin and recycled industrial plastics (group 1) were shown to have similar 
phthalates content. Furthermore, residual and source-segregated waste plastics 
and recycled household plastics (group 2) were also similar as to their phthalate 
content. On the other hand, group 1 and group 2 were significantly different, 
with group 2 having higher phthalate content. Based on the systematic 
statistical assessment of results for the evaluated samples, this could indicate 
that phthalates are added in later stages of plastic product manufacturing 
(labelling, gluing, etc.) and are not removed in the re-processing of plastics, 
making recycling a potential source of phthalates in products based on recycled 
waste material. Among the LMW phthalates analysed, one specific phthalate 
(DEHP) was abundant in plastics and played an important role in the 
differences between plastic sample sources (e.g., waste plastics and virgin 
plastics). Hence, DEHP can potentially be used as an indicator phthalate when 
recycled plastics are used in phthalate-sensitive applications (e.g., plastic food 
packaging). 
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Figure 4-2 Ternary plot of plastic composition with respect to DiBP, DEHP and DBP. RWP 
Residual Waste Plastics; SSWP Source-Segregated Waste Plastics; RHP Recycled 
Household Plastics; RIP Recycled Industrial Plastics; VP Virgin Plastics (Paper V). 
Flame retardants is another group of chemicals identified to be an important 
contaminant in plastics [63,69]. Flame retardants are used to decrease the 
potential risks of fires and, in case of plastics, are predominantly used in 
electric and electronic equipment, where wiring boards, electrical connectors, 
enclosures and cables are exposed to elevated temperatures and potential 
sources of ignition. Flame retardants are commonly divided into four groups 
in accordance to the main chemical constituent used, i.e. halogenated organic, 
phosphorus-containing, nitrogen-containing and inorganic [4]. The largest 
market share is attributed to a subgroup of halogenated organic - brominated 
flame retardants (BFRs). The subgroup contains well-established BFRs 
produced in large volumes, i.e. hexabromocyclododecane (HBCD) and 
tetrabromobisphenol A (TBBPA), as well as emerging phenol-based BFRs 
(e.g., 2,4-dibromophenol (2,4-DBP) and 2,4,6-tribromophenol (2,4,6-TBP)). 
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The abundance of articles containing flame retardants and their persistent 
nature resulted in their accumulation in the environment in general and humans 
in particular [70,71]. Although potential effects of flame retardants will depend 
on the specific group (or a constituent) in focus, health and environmental 
issues associated with selected BFRs have been recognized and resulted in their 
classification as substances of very high concern (SVHC) and inclusion on the 
list of chemicals covered by the Stockholm Convention on Persistent Organic 
Pollutants (POPs). In turn, this resulted either in complete ban or restrictions 
on their use [72,73]. 
Polystyrene (PS) is a polymer commonly used in packaging, construction 
sector (e.g., insulation) and electric and electronic equipment [14]. It has also 
been shown to contain the highest concentrations of ∑HBCD (up to 1,100,000 
ng/g) and TBBPA (up to 13,000 ng/g), followed by the non-specified plastics 
(“other”) and polypropylene (PP) (Figure 4-3). HBCD was subjected to 
authorization in the EU from August 2015 under the REACH regulation [20], 
but was present in the plastic samples we analysed (collected in 2013). Use of 
PS in construction sector (usually associated with comparatively long lifespan 
applications) points out the issue with “legacy” contamination of plastic 
material, similarly to presence of PCBs in paper (see section 4.1.1 for details). 
While HDPE contained among the lowest concentrations of ∑HBCD and 
TBBPA, packaging waste HDPE (both source-segregated and residual) also 
contained the highest concentrations of 2,4-DBP and 2,6-dibromophenol (2,6-
DBP) (Figure 4-4). Presence of 2,4-DBP and 2,6-DBP was quantified 
predominantly in waste plastics rather than in samples of processed plastics. In 
addition to the direct use of selected BFRs, relatively high concentrations of 
2,4-DBP (240 ng/g), 2,6-DBP (250 ng/g) and TBBPA (7000 ng/g) in a sample 
of processed plastics, could be attributed to thermal degradation of TBBPA and 
production of dibromophenols as by-products. 
Finally, the plastic recycling process may also influence the transformation of 
contaminants contained in the waste material being recycled. As an example, 
among the three isomers of HBCD measured, α-HBCD was found in relatively 
higher concentrations compared to β- or γ-HBCD (Paper VI). This contradicted 
the common composition of commercial HBCD mixtures, where γ-HBCD is 
the dominant isomer [74]. Since exposing HBCD to temperatures > 100ºC 
promotes the transformation of γ-HBCD to α-HBCD [75], temperatures 
commonly applied in thermoplastics re-processing (135-245ºC [76]) can alter 
the diastereometric ratio of a HBCD mixture and explain the prevalence of the 
α-HBCD in all the samples of recycled plastics analysed (Paper VI). 
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Figure 4-3 Concentrations of TBBPA and HBCD isomers (logarithmic scale) in plastics by 
resin. Bars indicate the average concentrations across the samples analysed (i.e. virgin, 
waste, and recycled plastics) while error bars show standard error in the aggregated values 
(Paper VI). 
 
 
Figure 4-4 Concentrations of 2,4-DBP, 2,6-DBP, and 2,4,6-TBP in plastics by resin. Bars 
indicate the average concentrations across the samples analysed (i.e. virgin, waste, and 
recycled plastics) while error bars show standard error in the aggregated values (Paper VI). 
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5 Material cycles 
5.1 Chemical contaminants in material cycles 
Chemicals can be introduced into materials from a variety of sources in 
different processes. Following the example of paper (Figure 5-1), chemicals 
are introduced: i) in the paper production itself, either directly added or being 
part of NIAS; ii) in paper conversion as part of printing inks and adhesives, 
paper imports and NIAS; iii) in paper consumption, as part of paper product 
imports or NIAS; iv) in waste collection as NIAS; and finally v) as part of 
waste paper imports in paper collected for recycling. 
 
Figure 5-1 Material flow of the European paper recycling loop. Dotted lines indicate points 
where chemicals are potentially introduced (Paper II). 
In a given material cycle, chemicals are constantly added and removed from 
the loop. In case the rate of removing chemicals (i.e. decontamination) is lower 
than the rate of their addition, accumulation of chemical contaminants in the 
newly manufactured products can be expected. Such accumulation trends were 
illustrated on the example of BPA, DEHP, and MOHs in the European paper 
products (Figure 5-2). Initial system was assumed free of contamination and 
chemicals were added at constant rates starting at year zero. High initial 
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amounts of BPA presented in Figure 5-2 resulted from addition of BPA in 
(thermal) paper production, while both DEHP and MOHs were assumed to be 
used only in paper conversion (i.e. printing). Recycling of paper and 
incomplete contaminant removal resulted in increasing amounts of chemicals 
in paper products over time, up until an equilibrium between addition and 
removal of a chemical to/from the material loop is achieved – marking steady 
state conditions. 
 
Figure 5-2 Evolution of chemical flows (BPA, DEHP, and MOHs) in paper products in the 
European paper loop (i.e. reference scenario, SC0). The shaded areas represent periods of 
accumulation for BPA, DEHP and MOHs, as well as the (quasi) steady state achieved (Paper 
VII). 
Once the steady state is achieved, the total stocks of paper and chemicals in 
use can be calculated. As Figure 5-3 illustrates, fractional composition of paper 
in use stock is not equally distributed, i.e. the majority of paper is accumulated 
as other graphic paper, case materials and other paper. This was followed by 
carton board, while presence of the remaining fractions (e.g., newsprint) can 
be considered insignificant. This distribution reflects the lifespan function of 
paper products within each of the fractions, i.e. the shorter is a product’s 
lifespan the lower will be its presence in the paper stocks (Paper VII). 
Furthermore, selected paper product categories differ as to their contaminant 
content, which also results in differences in chemical stocks in the product use 
phase. For example, approx. 80 % of BPA in stock is part of the other paper 
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fraction where thermal paper receipts are an important source of the 
contaminant. Similarly, case materials fraction contained the largest share 
(approx. 40 %) of MOHs. Finally, expressing the total stocks (as presented in 
Figure 5-3) per capita would result in 440 kg of paper, 30 g of BPA, 10 g of 
DEHP and 740 g of MOHs accumulated as stock per capita in Europe. 
 
Figure 5-3 Total in-use stock of paper, BPA, DEHP and MOHs in the various paper product 
groups after a steady state was reached (Paper VII). 
5.2 Mitigation of material contamination 
In order to prevent or reduce the chemical contamination of material cycles, 
several approaches can be employed (Figure 5-4). The conceptual hierarchy of 
contaminant mitigation measures presented in Figure 5-4 is inspired by the 
waste management hierarchy (i.e., prevention, preparation for re-use, 
recycling, recovery, and disposal) outlined in the waste framework directive 
[77]. Intuitively, the prevailing approach would be to avoid contamination at 
the source and prevent the use (through phase out with or without substitution) 
of a specific chemical that can cause contamination. Nevertheless, some 
chemicals may not be phased out and the next mitigation measure would be to 
limit their use to specific application(s), thus constraining the potential 
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spreading of chemicals through e.g., positive or negative waste material 
selection. The next best alternative would be to remove a contaminant from the 
associated material through establishment or improvement of a 
decontamination technology in material re-processing (e.g., de-inking in paper 
recycling). These measures are focused on the contaminant, while the next two 
affect the material as well. If sufficiently efficient technology for material 
decontamination cannot be established, destruction of contaminated waste 
material (e.g., incineration) would take place. Finally, the materials that cannot 
be destroyed (due to e.g., legislative, technological or economic constraints) 
will be contained in a final sink (e.g., landfill).  
 
Figure 5-4 Qualitative hierarchy of measures for contaminant mitigation in material cycles. 
The effects of contaminant-oriented measures (i.e., prevent, constrain and 
remove) on contaminant mitigation on the example of the European paper cycle 
and BPA, DEHP and MOHs as contaminants in focus are provided as results 
of the scenario evaluation in the following chapters (5.2.1 – 5.2.3). Each of the 
scenarios was compared to a reference scenario (SC0) where no mitigation 
measures were assumed (see section 2.5 for details). 
5.2.1 Prevent (Phase out of chemicals) 
Prevention or phase out of a chemical can result from developments in 
legislation or industry standards and obligatory or even voluntary 
discontinuation of its manufacturing or use. Usually, a discontinued chemical 
would be substituted with an alternative, although adjustments in production 
process may also avoid use of an alternative [78]. As an example, BPA in 
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thermal paper receipts has been gradually substituted by BPS, while other 
alternatives are also available on the market (Paper IV). 
Measuring the effectiveness of prevention of chemical use suggested that 
placing it on the top of the intuitive hierarchy (Figure 5-4) is indeed reflected 
in its efficiency. As evident from the SC3 in Figure 5-5, preventing use of a 
chemical on the example of BPA, DEHP, and MOHs would results in its 
complete elimination (i.e. presence in material in concentrations lower than 
LOD) from paper material cycle. However, this could also require substantial 
time, as the removal rate of contaminants may be low. For example, it would 
take up to 26 years from the point in time where no BPA is added to paper 
material until the concentration of BPA in paper products can be considered 
insignificant (i.e. BPA stock depletion). This may create an issue of “legacy” 
contaminants, which was also pointed out by the analytical results of PCBs and 
HBCDs in paper (section 4.1.1) and plastics (section 4.1.2), respectively. 
Although prevention has been shown to be the most efficient measure in 
contaminant mitigation, phasing out one chemical through substitution with 
another may result in “problem shifting”. Following the example of BPA, one 
of the potential alternatives identified for its substitution (4-cumylphenol 
(Paper IV)) exhibited 12 time higher estrogenic activity comparing to BPA 
[79]. Hence, the mechanism of phasing out a chemical from a specific 
application or industry should be closely monitored to avoid potential trade-
offs in the potential effects. 
5.2.2 Constrain (Optimized waste collection) 
Restriction on spreading contamination in material and product categories 
within a material cycle can be the result of legislation development (e.g., ban 
on use of BPA in baby and infant polycarbonate products (Paper IV)) or by 
maintaining closed loop recycling schemes where obsolete products are re-
processed into products with similar applications or requirements (e.g., 
recycling of contaminated plastics from waste electric and electronic 
equipment (WEEE) into plastics used in electric and electronic equipment 
[80]). Alternatively, restriction of contamination can also be assured through 
optimization of waste material collection schemes, where contaminant-rich 
waste fractions are exempt from materials recovered for recycling. Such 
measures will be restricted by constraints imposed through ever-growing 
recycling rates, as selecting “clean” material streams gets more difficult the 
higher recycling rates are. 
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Figure 5-5 Evolution of DEHP (A), BPA (B) and MOHs (C) flows in paper products (output 
of paper production). Shaded areas represent implementation periods for SC1, SC2 and SC3. 
LOD: limit of detection; tLOD: time required to achieve insignificant concentrations of 
respective chemicals (Paper VII). 
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As illustrated by SC1 in Figure 5-5, efficiency of optimized waste material 
collection has shown limited potential, as the highest reduction in 
contamination was 17 % for DEHP (Figure 5-5 (A)). Even lower values, 9 % 
and 12 % were achieved for BPA and MOHs, respectively. Main reason for 
such a low efficiency was the fact that recycling rates were constrained to the 
current levels (approx. 75 %). Hence, share of paper that could be diverted 
from recycling to e.g., incineration, as well as the respective share routed from 
residual to recovered paper, was limited. The importance of the recycling rate 
was shown when the recycling rates were lowered by 5 % (from approx. 75 % 
to 70 %). In such case, the potential reduction of contamination would increase 
substantially, to 13 %, 35 %, and 36 % for BPA, DEHP, and MOHs, 
respectively. This indicates that a scenario where contamination of material is 
constrained, would only be efficient if a trade-off between material quantity 
(i.e. recycling rates) and material quality (i.e. contaminant content) is 
acceptable. 
5.2.3 Remove (Technology development) 
The last scenario took into consideration potential developments in technology 
employed in decontamination of the waste material stream for re-processing. 
Examples of such technologies in paper recycling are de-inking, cleaning, 
bleaching, etc. Higher average yields of decontamination of paper could arise 
either from conventional technologies covering larger share of recycled paper, 
or the improvement of technologies themselves. In case of paper as material in 
focus, effects of higher decontamination yields can range considerably. Results 
for SC2 in Figure 5-5, showed a range between 4 % and 78 % for BPA and 
MOHs, respectively. These results were proportional to the removal 
efficiencies achieved in paper re-processing, which ranged from 20 % for BPA 
(20 % refer to non de-inked paper, while BPA removal yields achieved in paper 
de-inking were 95 %) to 80 % for MOHs. These results suggested that in order 
to achieve significant reduction in contamination of a material cycle, 
significant improvements in the technology (hence, the decontamination 
yields) should be achieved. Similarly to the case discussed in section 5.2.2, 
improvements in the decontamination yield would also result in lower paper 
recycling yields, as higher fibre losses are expected [81]. Thus, also technology 
development may results in potential trade-offs between material quantity (i.e. 
yields of material re-processing) and quality (i.e. presence of chemical 
contaminants).  
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6 Conclusions 
An approach for assessing the limitations for material recycling with respect 
to chemical contamination was developed and applied on paper and plastics as 
examples of recyclable materials. The approach was accompanied by 
quantitative assessment of chemical presence in the materials. In detail, the 
specific objectives of the work were addressed in the following manner: 
 A household waste sampling campaign was designed and carried out. 
Detailed fractional composition of household waste paper (30 fractions) and 
plastics (9 fractions) was provided, indicating material complexity and the 
differences between fractional composition of residual and source-
segregated waste flows.  
 It was shown that paper may contain a large number of chemicals (approx. 
10,000), the vast majority of which were harmless. Concerns over presence 
of chemicals in paper could be limited to a rather small number of 
hazardous chemicals (157), a subset of which (51) can be potentially 
problematic with respect to paper recycling. 
 Concentrations of MOHs, phenols, phthalates, PCBs, and toxic metals in 
paper showed large variations across the chemical groups and across the 
paper fractions. Detailed fractional and chemical composition of waste 
paper allowed for identification of potential sources of chemical 
contaminants (e.g., BPA in receipts and PCBs in books). “Legacy” 
chemical contaminants were identified in both paper (i.e. PCBs) and 
plastics (i.e. BFRs), making product lifespan an important parameter on the 
way to “clean” material cycles.  
 Chemicals may be added in a variety of steps throughout the lifecycle of 
paper products, with majority associated with paper printing and 
conversion. The presence of MOHs, BPA and DEHP showed potential for 
accumulation in the European paper cycle, whereas contaminant mitigation 
showed prevention of chemical use as the most effective way in 
contaminant elimination. Furthermore, potential trade-offs between 
material quantity (i.e. recycling rates) and quality (i.e. presence of 
contaminants) were pointed out. 
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7 Recommendations and perspectives 
The issue of chemical contamination in material cycles calls for a combined 
effort, with active contributions from each of the “players” in the material 
value chain (i.e. stakeholders). The work provided here can serve as basis for 
decision making with the following recommendations towards the stakeholders 
involved: 
 Producers: Based on the fact that prevention of chemical use was the most 
effective way in contaminant mitigation, suitability for material recycling 
should be considered in the earliest possible stages of product 
manufacturing. Optimally, product design should be adjusted in order to 
insure high quality products resulting in high quality recyclables. 
Additionally, transparency and reliability of data on use of chemicals in 
products and materials should be perceived. 
 Consumers: As direct producers of household waste, consumers should 
follow the latest developments in sorting guidelines, allowing for a better 
quality of material being recovered for recycling. 
 Waste managers: Waste sorting guidelines should be designed taking into 
consideration the latest data on presence of chemical contaminants in waste 
material fractions. This should be done in reflection on the input material 
quality (through collaboration with the producers) and material 
requirements (through collaboration with the recyclers). 
 Recyclers: Sources of waste materials for recycling should be carefully 
selected, limiting the potential risks associated with presence of chemicals 
in materials. Traceability of materials recovered for recycling should be 
insured in order to assure re-processing in the materials and products of the 
appropriate quality. Chemical contamination should be considered when re-
processing technologies are designed and implemented.  
 Legislators: Increase in recycling rates of materials should be promoted, 
given the potential chemical contamination of a material is taken into 
account. Level “playing field” should be insured encouraging the 
competitiveness of secondary raw materials while minimizing the 
associated consumer and environmental risks. 
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To extend and develop further the findings of the present work, following 
suggestions are expressed in relation to perspectives for future research: 
 In addition to paper and plastics, the approach proposed should be extended 
to more material fractions as to their content of chemicals resulting in 
potential contamination of material cycles. Contamination of fractions 
likely prioritized for recycling e.g., organic waste, food and food waste 
should also be considered in their synthetic (anthropogenic and natural) 
material cycles. 
 Steps comprising material re-processing should be evaluated as to their 
efficiency in material decontamination. Such information would allow to 
quantify the potential removal of chemical contaminants in material re-
processing creating solid basis for risk assessment related to production and 
use of products based on recycled materials. Coupled with material re-
processing efficiency, this data would also allow for better assessment of 
potential trade-offs in quantity and quality of recycled materials. 
 Due to increasing complexity of chemical constituents in materials, further 
targeted and non-targeted chemical analyses for material characterization 
should also take place in order to provide more data on presence of 
potentially “unknown” chemicals in materials. 
 Based on the data provided in this work and future characterization of 
materials for recycling, material and chemical flow analyses should be 
linked with risk assessments providing a valuable contribution to monitor 
and control chemical flows in the increasingly circular economy. 
 Finally, presence of chemical contaminants in materials and products 
should be considered when waste management options are evaluated from 
system perspective (e.g., life cycle assessment (LCA)). 
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